A method for determining chloroform, 1,1,1 -trichloroethane, carbon tetrachloride, and trichloroethene in breath samples was developed. It consisted of collecting samples in 40-mL glasssilanized tubes that were 16-in. long and had a 0.64-in. diameter. The ends tapered, resulting in a tube with a 1/4-in. diameter that was 13/4-in. long; each end had a shutoff valve attached. One end had a strip of rubber tube attached to the shutoff valve for collecting the breath sample, and the other end contained a 1/4-in. Swagelok nut with a rubber septum for withdrawing the sample. Samples were withdrawn using a pressure-lock, gaslight syringe, and they were injected onto a gas chromatograph fitted with an electron-capture detector. The analyles were stable for at least 22 days in these tubes. The method detection limit was determined to be 0.03, 0.08, 0.04, and 0.04 pg/mt for chloroform, 1,1,1-trichloroethane, carbon tetrachloride, and trichloroethene, respectively. Precision, based on 13 injections, was determined to be 13% for 0.09 pg chloroform, 13% for 0.21 pg 1,1,1-trichloroethane, 8% for 0.16 pg carbon tetrachloride, and 14% for 0.1 pg trichloroethene. In all, the proposed method is a sensitive and reliable one for determining volatile organic compounds in breath and a method that can also be applied to air sampling.
Introduction
Breath analysis is an accurate way of determining exposure levels to various volatile organics, as breath concentrations reflect personal exposures more closely than outdoor concentrations do (1,2)'. Biological monitoring, via breath analysis, has advantages over other media such as blood, urine, and tissue because the method is noninvasive and sensitive to a wide variety of compounds and the matrix is simpler. Breath analysis has been used for various purposes, including personal air monitoring, occupational exposure monitoring, and the monitoring of chemical inhalation exposure in the presence of endogenous effluents and of exposure to chlorinated water during showering and swimming. The most frequently employed breath-collection devices are bag samplers, usually followed by passage through a glass cartridge containing some type of adsorbent, stainless steel canisters, and glass tubes.
Tedlar bags were used to analyze breath samples in 350 residents of New Jersey. The breath was measured by a specially designed spirometer. A cylinder was used to release pure air into a Tedlar bag. The subject then inhaled the pure air through a Teflon mouthpiece and exhaled through a two-way valve into a second Tedlar bag. Two Nutech 221 samplers were used to pump approximately 15 L of exhaled air at 1 L/min across two cartridges containing Tenax-GC. The Tenax cartridges were then analyzed by thermal desorption using a fused-silica capillary column for separation and a gas chromatograph-mass spectrometer for detection. Solvent exposure was monitored (3) by allowing subjects to give a forced expiration after normal inspiration into a specially equipped, heated Tedlar bag. One liter of air was c~llected from the bag onto a silica-gel tube for adsorption of solvents, which were then evaluated by headspace gas chromatographic (GC) analysis after desorption in water-ethanol. A method was described for the assessment of occupational exposure to benzene (4) , whereby the subject is fitted with a mask containing a clean-air inlet and an outlet that is connected to a 5.5-L bag constructed of an aluminum foil-plastics laminate. The subject is instructed to breathe normally until the bag is full, and the contents are then trapped onto a silica-gel adsorption tube, which is desorbed and analyzed by GC.
A glass pipette (25-cm long, 50-mL volume) fitted with screw caps and saran liners was used to collect alveolar air (5, 6 ). An aliquot was removed using a glass syringe, and determinations of target analytes were made by GC. A breath-sampling system (7) consisting of a sealed, heated glass vial whereby the subject, after normal inhalation, exhales through a mouthpiece was connected to a needle that penetrated the septum. The sample can be stored for up to 15 days before being analyzed by GC. Glass tubes (8) have also been used in determinations of ethylene oxide in alveolar air samples from hospital workers in a sterilization unit. Samples were collected in 70-mL stoppered-glass tubes with screw caps at both ends and analyzed using a gas chromatograph equipped with a flame-ionization detector and a stainless steel column packed with Carbowax 1500, 0.2% on Carbopak C, 80-100 mesh. Cylindrical 50-mL glass tubes (9) , containing a Teflon Mininert valve on one end and a plastic screw cap with Teflon septum on the other end, were evaluated. These tubes were washed with detergent and distilled water, wet autoclaved, and washed again in a 1:1 HCI acidic bath, then a 5% methanolic NaOH bath. The acidic and basic baths were used to neutralize ionic sites on the glass surface that may react with solvent vapor. It was determined that water vapor appears to be linked to losses of up to 65% within 20 h. Partitioning of an analyte between the air and condensed water vapor on the walls of the vessel appears to be the cause of the losses. Glass tubes (10) (20-cm length and 65-cm 3 volume) were used to collect alveolar air samples from kindergarten pupils located near a factory and from residents of an old folk's home situated near a former waste dump site for possible tetrachloroethene exposure. Alveolar air samples (11) were collected from 163 subjects at indoor swimming pools and from 77 nonexposed subjects to assess the chloroform exposure levels. Samples were collected in 34-cm 3 one-way glass tubes equipped with two valves, in which subjects were asked to breathe normally into the tube with the valves open. At the end of expiration, the valves were closed. Environmental air samples were also collected at a height of 150 cm above the pool using the same glass sampling tubes.
Stainless steel canisters (12) were used to collect breath samples for determination of 17 compounds from vinyl chloride to n-dodecane. The recoveries ranged from 45 to 96%, and recoveries of less volatile compounds were the lowest.
The main purpose of our work was to develop a simple and reliable method for determining chloroform in the alveolar breath of subjects exposed to chlorinated indoor pools. The method proposed for this work used a cylindrical silanized 40-mL glass tube fitted with stainless-steel shutoff valves on each end. One end con-SHUTOFF VALVE tained a V4-in. stainless steel nut, into ~-F , , / which was inserted a septum for withdrawing an aliquot of sample, whereas the other end contained a ~/4-in. glass tube RUBBERTUBE fitted with a rubber tube used for exhaling breath samples to allow filling of the tube for sample collection. Aliquots of sample Were withdrawn using a pressure-lock, gastight syringe and injected onto a gas chromatograph.
attached (Whitey Ball Valve Co., Highland Heights, OH). One end had a rubber hose attached to the shutoff valve for collecting the breath sample, and the other end contained a l/4-in. Swagelok nut with a rubber septum for withdrawing the sample. The rubber septum was removed when collecting samples in order to have an open system. Before any samples were taken, the tubes were allowed to soak overnight in a bath containing 50% nitric acid, then they were rinsed with acetone and allowed to dry in an oven set at 200~ The tubes were then filled with a 10% silanizing solution that contained dichlorodimethyl silane in toluene, and the same procedure was followed as previously described.
Instrumentation
A Hewlett-Packard model 5880A gas chromatograph was used for performing the analyses. A fused-silica RTc502.2 capillary column (105 m x 0.53-ram i.d.; 3.0-pm film thickness) (Restek Corp., Bellefonte, PA) was used for separating the analytes. The column was attached to an electron-capture detector, which was held at 300~ The oven temperature was held at 75~ the injection port temperature was set at 200~ and the flow rate of the helium carrier gas was set at 30 mL/min.
Preparation of atmospheric standard
A gas standard, generated using a Dynacalibrator (VICI Electronics, Santa Clara, CA), was used for all quantitation. The standard contained chloroform, i, 1,1-trichloroethane, carbon tetrachloride, and trichloroethene, and had a flow rate of approximately 500 ng/mLomin. Dilutions were made using house air, which was filtered with carbon contained in cylinders used to hold gas filtering material, and flows of air were measured using a bubble meter. The setup used to obtain the atmo- 
Experimental Preparation of tubes
Glass tubes with a 40-mL capacity were prepared to contain breath and pool air samples (Figure i ). These tubes were 16-in. long and had a 0.64-in. diameter. The ends were tapered, resulting in a section of tube with ]14-in. diameter that was Pl4-in. long, with each end having a shutoff valve spheric standard, with the proper concentration and humidity conditions, is illustrated in Figure 2 . The analytes generated from the Dynacalibrator were exposed to moisture by directing the flow of dilution air through a round-bottom flask containing water that was placed in a heating mantle and heated to approximately 40~ The rheostat, used to control the temperature of water in the flask, was set to maintain the relative humidity at 100%. This flow of humidified air, in turn, was directed to the flow of analyte gas standard generated by the Dynacalibrator and resulted in the dilution of analytes from 12.8 to 20.8 L. The humidity was measured using a Digital Humidity Meter, model RH30-C (Omega Engineering Co., Stamford, CT). The total flow was measured at 20.8 L/rain, and air flow passing through heated water in the flask was 8 L/min; the flow of air from the standard in the Dynacalibrator measured at 12.8 L/min. When determining the detection limit, lower flows of the standard had to be used; therefore, a capillary tube was attached to the line used to deliver the atmospheric standard to the dilution flask. This tube decreased the flow from 12.8 to 0.55 L/rain, resulting in a 10-fold decrease in concentration.
Sample collection
In the study to assess dermal absorption and inhalation of chloroform by swimmers in an indoor swimming pool, alveolar breath samples of subjects from seven events were collected at various time intervals during each event up to 75 rain after the start of each event. During each event, at least four different subjects participated. A description of the events and the.subjects tested is summarized in Table I . The four types of samples collected were ambient air, pool air, locker room air, and alveolar breath. A total of 120 samples were collected, and determinations were made for the target analytes. Table I is a list of the seven events in which the four types of samples were taken. Pool air, collected approximately 5 ft above the water surface, locker room air, and amBreath sampling blent air were all collected by using a hand event no. pump to pull 10 L through the tubes. DeEvent 1 terminations were made of the concentration of chloroform, 1,1,1-trichloroethane, Event 2 carbon tetrachloride, and trichloroethene for each sample collected. Breath samples Event 3 of alveolar air (end-expired air) were collected by having subjects inhale, hold their breath for 10 s, and then forcefully expire directly into the glass sampling tubes. When the subject could exhale no longer, Event 4 the glass tube was sealed by shutting off the attached valves on both ends. It is extremely important to collect alveolar breath Event 5 because alveolar breath is the breath that is in equilibrium with the blood, and, there- Event 6 fore, it is the best breath sample for measuring exposure.
In one phase of our study, ambient and Event 7 pool air samples were collected in both sample tubes and stainless steel canisters in order to compare the chloroform concentrations determined in the present method with a previously used method. Three evacuated canisters, which were placed side by side, were used to collect air samples concurrently over a 45-min period. During this 45-rain period, three tube samples were used to collect pool air by pulling 10 L through the tube using a hand pump.
Quantitation of samples
Injections of 0.5-1 mL of the atmospheric standard were made onto the gas chromatograph via a gastight syringe, and the resulting chromatograms were used to measure either area or peak height in order to determine the linear relationship for each analyte of interest. The slope and intercept of each analyte were determined and used to calculate the amounts contained in the samples. A typical chromatogram from the injection of analytes, generated using the Dynacalibrator under the GC conditions described earlier, is illustrated in Figure 3 .
Stability study
Four tubes were filled with the atmospheric standard, at a relative humidity of greater than 100%, and they contained between 11.2 and 15.0 pg/mL of each analyte. This was approximately 10 times that found in ambient air, when gas was allowed to flow through for approximately 5 min and then both ends of the tube were closed without creating pressure within. This was done by first closing the end in which the gas enters, then closing the other end immediately after. Injections of 0.5 mL were made at 0, I, 2, 4, 7, 10, 14, and 22 days. The areas were recorded for each injection, and comparisons were made with the initial injection to determine losses with time. Atmospheric standards were injected onto the GC whenever with a respirator tube standards were injected in order to check the response of the detector. Any variation of greater than 10% between gas standard and tubes used for the stability study would require the use of a response factor for correction.
Linearity, precision, and detection limit
Silanized glass sampling tubes were filled with the atmospheric standard, and injections of 0.1 mL were made onto the GC to determine precision. The method detection limit (MDL) is defined as the minimum concentration of a substance that can be identified, measured, and reported with a 99% confidence that the ana]yte concentration is greater than zero and determined from analysis of a sample in a given matrix-containing analyte. The method of Glaser et al. (13) was used to report MDL and is computed using the t value and standard deviation. Volumes of this standard were withdrawn and injected onto the gas chromatograph to determine response. In order to determine linearity of response of analytes in the atmospheric standard, various volumes of the atmospheric standard were injected onto the gas chromatograph, and peak heights or area was measured to determine correlation coefficients of each analyte of interest in a plot of response (area or peak height) versus picograms. The correlation coefficient was used as a measure of linearity in a plot of response versus concentration over a range of approximately 0.2-2 pg/mL.
Results

Advantages of using glass silanized tubes
The glass silanized tubes prepared for this study proved to be convenient and reliable. The tubes allowed for easy sample collection of alveolar and pool air, as the only steps necessary were expiring into the tubes for breath collection and sweeping the surrounding air for air collection. The shutoff valves, connected on both ends, were advantageous because they allowed the syringe needle to enter the tube and come in contact with the sample inside when the valve was open. Other valves tested did not allow the needle to enter the tube and come in contact with the sample.
Stability of glass silanized sampling tubes
Initially, unsilanized tubes were used, and losses of 30-50% were noted after a period of approximately 4 h. The silanized tubes that were filled with the atmospheric standard containing chloroform, 1,1,1-trichloroethane, carbon tetrachloride, and trichloroethene showed very good stability over the time period of 22 days. The relative standard deviation of the ratio of tube response versus response of standard for each compound over this time period ranged from 6.1 to 11.1%.
A plot of the ratio of tube to standard response (response ratio) versus time in days illustrated the variation in response ratio with the time for each of four tubes, as shown in Figure  4 . The response ratio fluctuated from 0.95 to 1.11 for chloroform and 1,1,1-trichloroethane, from 0.91 to 1.04 for carbon tetrachloride, and from 0.88 to 1.09 for trichloroethene over a period of 22 days, as opposed to a gradual decrease or increase. The final response ratio of tube to standard was 1.07 for chloroform, 0.95 for 1,1,1-trichloroethane, 0.93 for carbon tetrachloride, and 0.89 for trichloroethene. The fluctuation of response as opposed to a gradual decrease, coupled with the low percent relative standard deviations of each analyte, demonstrated that very small losses, if any, occurred in the silanized tubes over a period of 22 days. An important factor in maintaining stability of the samples in the tubes is to be sure that the fittings on each end are tightened securely to prevent leakage of sample. In the beginning of this study, tubes that showed sample loss were found to contain loose fittings. After becoming more conscious of tightening the fittings, there was no evidence of sample loss. Table II lists the precision and detection limit of the four analytes targeted in this study. In all cases, standards were linear over a range of 0.2-2 pg/mL, which included from four to six data points, and the correlation coefficient was greater than 0.995. The precision, expressed as percent relative standard deviation, was determined to be 13% for both chloroform (0.09 pg) and 1,1,1-trichloroethane (0.21 pg), 8% for carbon tetrachloride (0.16 pg), and 14% for trichloroethene (0.10 pg), using 13 injections from the same tube. The method detection limit of 0.03 pg for chloroform, 0.08 pg for ],l,1-trichloroethane, 0.04 pg for carbon tetrachloride, and 0.04 pg for trichloroethene was determined from injections of 0.5 mL of an atmospheric standard. The concentration determined in canisters is found in Table HI . This close agreement further supports the validity of the use of the glass sampling tubes described earlier. Although canisters have been used for obtaining breath samples, glass tubes are much more economical because the cost of using canisters is approximately 5-10 times greater.
tinearity, precision, and detection limit
Sample analysis
The mean plus or minus standard deviation of the four types of samples collected is summarized in Table IV . The chloroform concentration was greatest in the pool air samples, as would be expected, and it was approximately 12 times as great as the concentration found in ambient air; it was approximately six times greater in locker room air than in ambient air.
The breath samples were collected during seven sampling events, with each event modeling a different exposure scenario, to evaluate how much chloroform is inhaled versus dermally adsorbed. The data for all seven events were summarized together to show that the methodology detected the analytes of concern in breath. Additionally, the chloroform concentra-0.8 tions in the breath, as expected, were increased compared with those in ambient air. During the sampling events, in which the volunteers in the swimming pool inhaled volatilized chloroform, the breath concentration of chloroform was found to be statistically higher than the breath concentration prior to exposure. Because this breath sampling methodology was reliable and inexpensive, a large number of samples could be collected, which allowed for multiple samples per volunteer per sampling event. Multiple samples were necessary to describe the amount of chloroform absorbed dermally versus inhaled.
Discussion
1.O
This method proved to be simple and reliable for sampling breath and air in a study in our laboratories designed to assess the chloroform levels that a swimmer obtains through both inhalation and dermal exposure. Determinations were made of chloroform, 1,1,1-trichloroethane, carbon tetrachloride, and trichloroethene in more than 100 breath and pool samples (13) combined. A much further discussion of the results regarding the derma] and inhalation experiment can be found in another manuscript, which is still in preparation. The samples were taken using the tubes described in this manuscript. Aliquots of 0.5 mL were found to be sufficient for analytical purposes even though as high as 5-10 mL could have been used if the 9 samples were much lower in the concentration of analytes of interest. The method could also be applied to other volatile organic compounds as well. Methods of trapping analytes onto an adsorbent also involve measuring the volume of sample passing through the trap, which is tedious and requires additional apparatus for measuring this volume. This phase is not necessary when using the glass sampling tubes used in our work because samples are taken directly from the sampling tubes for analysis. A sampling system (14) that evalu- 13.4 ated the thermal desorption of styrene and isofluorane for the biological monitoring of 73 organic compounds in exhaled breath air 7.7 was noted to have an advantage over other 14 systems because of minimal losses over a period of 15 days without requiring special measures of preservation. Our method is even more advantageous because it does not require any sample preparation or sample preservation. Also, a sample can be evaluated more than once because the method does not require the use of all the sample for a single analysis as does the thermal desorption method. Overall, the method proposed in this study seemed to be the best available method, considering simplicity of operation and sensitivity. The ability to store samples for a long period of time, also without any special measures of preservation (up to a minimum of 22 days), is an advantage that cannot be overlooked.
